Friction Surfacing is a process employed to deposit metallic coatings, whereby similar and dissimilar material combinations can be realized. The process can be applied as a local repair technology or the coating material can locally modify the surfaces. One advantage of this process is that the coatings are deposited in solid state without reaching the melting range of materials, thereby avoiding dilution with the substrate. The involved severe plastic deformation under high temperatures alters the microstructure of the coating material, leaving it fully dynamically recrystallized.
Introduction
The Friction Surfacing (FS) process has been known since the 1950s and numerous material combinations have been effectively processed by this technique , Hanke et al. (2013) , Hanke et al. (2009) , Puli et al. (2012) , Rao et al. (2012) , Suhuddin et al. (2012) and Fitseva et al. (2015) ). Friction Surfacing can be employed for local material modifications or as a repair method for worn or otherwise damaged metallic parts. The process has been industrially implemented for the modification of steel microstructure and properties during the manufacturing of knives with increased wear resistance for the packing and processing industry (2010) .
Metallic materials can be deposited by Friction Surfacing without reaching the melting range. Due to the relatively low temperatures reached by FS, in comparison to fusion welding, the residual stresses induced into the coated components are low.
During FS, a cylindrical consumable rod is brought onto the substrate to be coated under a pre-set axial force and rotational speed (Figure 1 ). Through friction, localized heat generation occurs, followed by the plastification of the consumable rod tip. When a traversal movement of the substrate is superimposed, the plasticised material of the rod tip is sheared off and is deposited behind the rod. Excessive plasticized material climbs up around the rod, and forms a flash. The possibility of depositing titanium alloy Ti-6Al-4V by Friction Surfacing has recently been reported by Fitseva et al. (2015) . Titanium alloys are known to exhibit a complex deformation behavior and tend to flow instabilities. During the development of the FS process for Ti-6Al-4V alloy, several interesting features of temperature evolution, process reaction forces and coating appearance were observed. Since earlier investigations on the behavior of Ti-6Al-4V under comparably high strains, strain rates and temperatures as encountered during Friction Surfacing are very limited, the current work is targeted at analysing the material response to the process parameters, in particular the rotational speed, and the corresponding microstructure development in the coating material.
Experimental details
The FS equipment used for the current study has been custom-designed with a high stiffness for high process loads and is capable of delivering 60 kN axial force, 6000 min -1 rotational speed and 200 Nm of torque. It can be operated not only in a force control but also in the rod consumption rate controlled mode (RCR, i.e. shortening of the rod per unit of time, also denominated as the burn-off rate). Sensors for monitoring of torque and forces in all three directions are implemented at the FS equipment for monitoring of the measured data. The working space measuring 0.5 m x 1.5 m and a maximum length of the consumable rod of 500 mm enables the coating of larger components. The machine is equipped with a flash cutting device to trim excessive plasticised material off the rod, which otherwise would block rod feeding.
Due to the high chemical affinity of titanium alloys to oxygen at temperatures above 400 °C, argon was used as shielding gas to avoid the formation of a brittle oxide layer and the contamination of the rod and the substrate from the atmosphere.
Ti-6Al-4V alloy was used as a consumable rod in rolled condition and hot-rolled plates were used as substrate. The substrate dimensions are 300 mm x 100 mm x 10 mm and the consumable rod has a diameter of 20 mm at a length of 500 mm. The chemical composition and mechanical properties of the used material (rod and plate) determined by optical spark emission and standard tensile tests (DIN 50125-A 12 x 60) are presented in Table 1 and Table 2, Temperature measurements were obtained with an infrared camera (InfraTec, ImageIR 8300) during the depositions. The infrared camera was placed in front of the FS machine and was focused on the rod tip. The emission factor ε was determined for Ti-6Al-4V alloy using a furnace, and was found to vary between 0.75 and 0.89, depending on the temperature, in a range of 800 °C to 1300 °C.
Cross sections of the deposits have been prepared according to standard metallographic practices. After grinding and polishing, the samples with geometry of 10 x 5 x 3 mm were prepared using a Cross Section Polisher (JEOL IB-09010CP) to remove any deformed layer from mechanical preparation. The milling parameters for titanium alloy of a voltage of 6 kV, a gas flow of 5.2 and a milling duration of 6 hours have been found to be suitable.
Scanning Electron Microscopy (SEM) (QuantaTM 650 FEG) was employed to investigate the coatings' microstructure by Electron Backscatter Diffraction (EBSD) (Hikari XP). In order to visualize the prior high temperature β grain boundaries after their transformation to α during cooling of the deposited material, grain boundary reconstruction was carried out based on the method suggested by Gey et al.(2002) . The main aim of this method is to distinguish the prior β grain boundaries from other high angle boundaries by a classification of misorientations between α variants inherited from the same parent β-grain, according to Burgers orientation relationship. Following angles with individual planes have been selected for Ti-6Al-4V alloy: 60°〈1120〉, 60.83°〈1.377; 1; 2.377; 0.359〉, 63.26°〈10; 5; 5; 3〉 and 90°〈1; 2.38; 1.38; 0〉 (Mironov et al. (2008) , Gey et al. (2003) , Glavicic et al. (2003) , Gey et al. (2002) ). The contours of the prior β grain boundaries can be reconstructed by eliminating the supernatant boundaries from the EBSD map. Eventually, a black and white map is created showing exclusively the prior β grain boundaries, excluding the martensitic features.
Results and discussion

Coating appearances at different rotational speeds
The initial process development to deposit Ti-6Al-4V alloy coatings using a consumption rate control mode has been published earlier (Fitseva et al. (2015) ). The current work is based on the investigation of the influence of rotational speed and deposition speed on the deposited material. The rotational speed was varied in a wide range, between 400 min -1 and 1000 min -1 in steps of 100 min -1 , and from 2000 min -1 to 6000 min -1 in steps of 1000 min -1 . The consumption rate (1.6 mm/s) was kept constant. The occurring appearances of coatings, generated in the wide range of rotational speeds at a constant deposition speed of 16 mm/s, are demonstrated in Figure 2 .
Coatings with smooth surface without visible oxide layer were observed for 300 min -1 to 600 min -1 rotational speed. When increasing the rotational speed in a range of 700 min -1 to 1000 min -1 , discontinuous coatings with flash formation and tempering colours at the flash material were formed. The flash formation at the coatings produced is suppressed at higher rotational speed (2000 min -1 -6000 min -1 ) and the surface is rough and oxidized, demonstrating a typical FS coating appearance. 
Process temperatures
Temperature measurements were conducted using an infrared camera. A thermal image captured during the process displays the temperature distribution at the rod tip and in the coating (Figure 3 ). The color scale represents the corresponding temperature level. The maximum temperature (1377 °C) has been achieved in the shear zone. The earliest cooling stage of the coating behind the rod exhibits a temperature of 1178.2 °C. The cooling rates within the coating have been calculated from the maximum temperature down to 200 °C. The cooling rates measured were in a range of 39.6 Ks -1 to 46.4 Ks -1 depending on the maximum temperature resulting from different rotational speeds. When the highest rotational speed of 6000 min -1 was employed, a heating rate of 1389 Ks -1 has been measured. The process temperature exceeded the β-transus temperature in all experiments. The peak temperature reached a steady-state condition while processing, staying constant throughout the complete deposition process. Furthermore, it was found that regardless of the used parameters, the process temperature during FS of Ti-6Al-4V cannot be suppressed below the β transformation temperature.
Flash
Oxidized surface Figure 3 : Temperature distribution measured by IR camera during the process indicating maximum temperatures in the process zone and at the coating behind the rod (in the initial cooling stage)
The maximum temperatures measured in the process zone for different rotational speeds are presented in Figure 4 . An increase in temperature with rotational speed can be observed, until the temperature reaches its maximum at 2000 min -1 . Following this, the temperature has achieved a plateau and remains constant with further increase in rotational speed. This temperature trend at high rotational speeds is contrary to the temperature trend measured by thermocouples (Fitseva et al. (2015) ). These differences may be related to the position in which the temperatures were measured. The thermocouples were placed in the interface between the coating and the substrate, while using the infrared camera the temperature within the shear zone was detected. The constant temperature in the shear zone at high rotational speeds (2000 min -1 to 6000 min -1 ) can be explained assuming that no further heat is generated with increasing shear rate, once a certain "viscous" material condition is reached.
Interestingly, the temperature achieved its maximum at that rotational speed, at which the flash formation at the coating is precluded. The flash formation will be discussed in detail in the following section. 
Process response in two different rotational speed regimes
Generally, while depositing coatings by FS, the flash forms primarily at the consumable rod, ascending around the tip and leaving the coating without flash material ( Figure 5 ). In case of titanium coatings however, as mentioned earlier, under certain rotational speeds (300 min -1 -1000 min -1 ) the flash is deposited along the retreating side (where the rotational velocity vector is contrary to the deposition direction) of the layer leaving the rod tip without flash ( Figure 6 ). According to the coating appearances demonstrated in Figure 2 and the temperature evolution for different rotational speeds (Figure 4) , a threshold at 2000 min -1 rotational speed can be observed. This threshold is consistent with the flash formation at the coating dividing the rotational speed range into two regimes:
• low rotational speed range (300 min -1 -1000 min -1 ), where the flash may form either at the coating or at the consumable rod (regime I) • high rotational speed range (2000 min -1 -6000 min -1 ), where the flash forms exclusively at the consumable rod (regime II). The material flow of titanium coatings changes in both regimes. As it is well known, the plastic deformation flow stress of metals differs depending on the temperature. At the same time it can be assumed, that flow stresses must affect the axial force acting during processing. It has been demonstrated that temperature alters with rotational speed by FS in regime I. To clarify the influence of deposition speed on temperature evolution, additional experiments were conducted. The deposition speed was varied from 8 mm/s to 16 mm/s at a rotational speed of 400 min -1 in regime I and from 4 mm/s to 16 mm/s at a rotational speed of 3000 min -1 in regime II. The influence of the deposition speed on the resultant axial force and temperature at a rotational speed of 400 min -1 with corresponding images of the Ti-6Al-4V alloy coatings are presented in Figure 7 . It can be observed that coating appearances change; the flash was formed at the coating when the deposition speed of 8 mm/s was employed and the highest maximum temperature (1286 °C) was achieved. With an increase in deposition speed to 12 mm/s and to 16 mm/s, the flash formation was precluded. This might be related to a corresponding decrease in temperature (1063 °C and 1052 °C). Moreover, the resultant axial force also varies in dependence of the employed deposition speed. The axial force ascended from 10 kN to 27 kN with increase in the deposition speed, in correlation to the temperature decrease from 1286 °C to 1052 °C. The high resultant axial forces at high deposition speed might be seen as the colder material's higher shear strength. Moreover, these assumed high flow stresses result in flash-free coatings. The effect of the deposition speed on the resultant axial force trend and temperatures at 3000 min -1 rotational speed with corresponding coating images is demonstrated in Figure 8 . All coatings were deposited without flash formation. At this rotational speed (regime II), a decrease in deposition speed did not influence the material flow behavior in terms of flash formation such as in Figure 7 . The force decreases from 6 kN to 2 kN with an increase in deposition speed from 4 mm/s to 16 mm/s, which is contrary to the force evolution with 400 min -1 rotational speed. The temperature remained relatively constant measuring 1379 °C, 1379 °C and 1378 °C for deposition speeds 4 mm/s, 8 mm/s and 16 mm/s, respectively. It seems that temperature evolution has already achieved its maximum value, as described above, and cannot be altered by the variation in deposition speed. Instead, since the temperature cannot be elevated when employing 4 mm/s deposition speed, the axial force may rise due to a higher strain applied to the consumable rod material. The material at a constant rotational speed undergoes a higher number of rotations before being deposited when using 4 mm/s deposition speed compared to the 16 mm/s. This could raise the fraction of strain hardening in the dynamic recrystallization processes acting during the process, thereby increasing the shear flow stress. Further, it has been reported, that at a low deposition speed the prolonged plastic deformation time causes the formation of a large volume of plasticised material ). An increase in the volume of deforming material could also lead to a higher process force of 6 kN for 4 mm/s compared to 2 kN axial force for 16 mm/s. The strain rate sensitivity is a crucial factor in plastic deformation of titanium alloys. Strain rate sensitivity can be defined as the ratio of incremental change in stress (log σ) to the resultant change in strain rate (log ε̇ ) at a given strain and temperature (Dieter (1961) ). Furthermore, it has been reported that the strain rate sensitivity factor of titanium rises with increase in temperature and drops when increasing the strain rate (Rosen et al. (1999) ). It is well known that titanium alloys tend to instable flow behaviour during plastic deformation. It seems that the temperature and deformation induced by the FS process in regime I influence the flow stress behaviour of the titanium coatings. This instable flow stresses result at times in unsteady material behaviour forming flash at the coating. Park et al. (2002) have published the stress behaviour of Ti-6Al-4V alloy depending on variation of temperature (max. 1000 °C) and strain rate in hot forging experiments. The results indicate that the stress significantly increases with the strain rate at temperatures below β-transus. However, within the β field at a temperature of 1000 °C the stress values still increase with the strain rate but the differences become smaller (Figure 9) (Park et al. (2002) ). Considering the increase in temperature with increasing rotational speed up to 1304 °C, which was measured in regime II, it might be assumed that the flow stress values might not vary significantly. Therefore, the material flow at the constant, high temperature in regime II can be assumed not to be strongly affected by changes in strain rate at the different rotational speeds. Possibly, dynamic recrystallization, which plays a major role at such high deformation, takes place in a steady state of equal rates dislocation generation and their reduction through recrystallization. The combination of high strain rates and fast dynamic recrystallisation in regime II might circumvent other thermal softening effects. At the low rotational speeds in regime I, both the temperature and strain rate vary at the same time, which may lead to considerable differences in the flow stresses. No literature is available on severe plastic deformation of Ti-6Al-4V alloy at the high strain rates and strains which take effect during Friction Surfacing, and further studies will be required for a comprehensive explanation of the flash formation behavior observed in the present study. Figure 9 : Influence of strain rates and temperatures on the flow stress of Ti-6Al-4V during hot forging according to Park et al. (2002) 
Coating dimensions
The influence of deposition speed on the coating geometry in both rotational speed regimes was investigated. The coating thickness and width generated with various deposition speeds for two rotational speeds (400 min -1 and 3000 min -1 ) are demonstrated in Figure 10 . Generally, it can be observed for both rotational speeds that a decrease in deposition speed leads to wider and thicker coatings. Similar results have been observed for different steels, demonstrating an increase in coating thickness and width when low deposition speed was employed (Macedo et al. 2010) ). In regime I the low deposition speed led to high temperatures, resulting in a higher amount of deposited material (thick and wide coating). In regime II when a low deposition speed is employed, the rod material undergoes a higher number of rotations, which leads to a large amount of plasticized material, and consequently wider and thicker coatings. It can be concluded that the highest amount of material can be deposited using regime II, in which the temperature is constant. Figure 10 : Effect of deposition speed on coating thickness and width using 400 min -1 (a) and 3000 min -1 (b) rotational speeds
Microstructure evolution
Ti-6Al-4V alloy undergoes a phase transformation to single β phase when reaching the transus temperature of 995 °C during heating. The microstructural features of Ti-6Al-4V alloy FS coatings differ after cooling, since martensitic phase transformation occurs under the high cooling rates. Since the rotational speed was varied in the current study, influencing the resultant temperature and cooling rates, an investigation of the microstructure formed at various processing condition was carried out.
The microstructure of the Ti-6Al-4V rod base material contains a dual-phase α-β structure, which exhibits equiaxed α grains with transformed β islands (Figure 11 a) . The initial grain size of the rod base material is 4.42 µm ± 2 µm. The microstructure of a coating generated with 6000 min -1 exhibiting a martensitic structure is shown in Figure 11 b. The prior β grain boundaries cannot be clearly distinguished.
The temperature measurements have revealed, that the Ti-6Al-4V alloy coatings have been deformed during the FS process in the β phase and were cooled through the α+β and the martensite phase regions (martensite start temperature is 800 °C). As it is well known, the phase transformation of Ti-6Al-4V while cooling can occur either martensitically or by the diffusion controlled nucleation and growth process. The phase transition depends on the cooling rate and the alloy composition. Generally, the martensitic transformation can be performed at cooling rates higher than 18 Ks -1 and might lead either to the hexagonal crystal lattice (α') or orthorhombic crystal lattice (α'') (Lütjering and Williams (2007) and Sieniawski et al. (2013) ). According to the temperature analysis and the determined cooling rates (39.8 Ks -1 -53.8 Ks -1 ), which were higher than 18 Ks -1 , a diffusion controlled nucleation is precluded, and therefore it can be definitely stated that the phase transformation occurred martensitically. In order to characterize the prior β grains formed at high temperature, grain size reconstruction was conducted as described in section 2. The reconstructed β grain size map for a coating generated with low rotational speed is shown in Figure 12 The influence of the rotational speed on the grain size evolution is presented in Fig. 13 . The coatings generated at low rotational speeds exhibit refined grains (Fig. 13 a, b) with 400 min -1 rotational speed measuring 1.64 µm ± 1.33 µm (linear intercept length method). An increase in rotational speed (600 min -1 ) and resultant temperature leads to a small increase in grain size. Coatings generated with 3000 min -1 and with a high peak temperature of 1298.3 °C demonstrate significantly coarser prior β grains of 28.43 µm ± 11.47 µm. From 3000 min -1 to 6000 min -1 no further grain size increase was observed; instead the grains size becomes slightly smaller ( Fig. 13 c, d) . Again, a clear threshold in regard to the two rotational speed regimes can be identified. In regime I grain refinement was observed, while in regime II coarse grains are formed. It can be concluded, that the combination of deformation rate and temperature affects the β grain size during Friction Surfacing. 400 min -1 600 min -1 3000 min -1 6000 min -1 Fig. 13 : Influence of the rotational speed on grain size evolution in Ti-6Al-4V alloy coatings. Reconstructed high temperature grain size is displayed on each black white map.
During Friction Stir Welding of Ti-6Al-4V the prior β grain size was found to increase, when varying the rotational speed from 300 min -1 to 600 min -1 in 100 min -1 steps. This grain size increase has been suggested to correlate with a higher heat input and corresponding temperature when raising the rotational speed. The increased temperatures (above the β Transus) lead to prolonged dwell time in the β phase which results in evolution of coarse grains ). The same tendency of increasing β grain size for higher rotational speeds was found for FS, which can also be explained by the observed temperature rise. 
Material deposition efficiency
As was shown in section 1.4, the rotational speed affects the coating geometry resulting in various coating widths and thicknesses. This finding leads to the inference that consequently the amount of the material loss (flash formation at the consumable rod) must also be affected by the variation in the rotational speed.
The material deposition efficiency is defined as the ratio of the deposited volume to the consumption volume of the rod and can be calculated as follows (Gandra et al. (2012) ):
The deposited volume is the product of the cross sectional area of the coating layer and the deposited coating length. The consumption volume of the rod is the product of rod cross sectional area and the consumed rod length. To accurately determine the deposition efficiency of the coatings with a flash, a cross section without flash was selected, because the flash cannot be considered effective deposition.
The results presented in Fig. 14, describe the effects of the rotational speed and resultant axial force on the deposition efficiency. The deposition efficiency is strongly affected by the change in rotational speeds, varying in a wide range between 9 % and 39 %. As expected, the layers that were generated with low rotational speeds (400 min -1 -600 min -1 ) exhibiting low coating thicknesses provided low deposition efficiencies in a range of 9 % -12 %. High deposition efficiencies were achieved for coatings generated with high rotational speeds (2000 min -1 and 6000 min -1 ) in a range from 26% to 39 %. It should be mentioned that the most efficient configuration has been achieved at a rotational speed of 3000 min -1 , for which the highest temperature was measured (1379 °C). The fact that low rotational speeds result in low efficiency and high rotational speeds result in high efficiency can again be related to the resultant axial forces. Under the low axial forces (~2 kN) at high rotational speeds less amount of the plasticized material was pushed into the flash in comparison to the coatings at low rotational speeds and high axial forces (~30 kN). Correspondingly, when a lower amount of material passes into the flash, a larger material amount can be deposited, increasing the deposition efficiency. Gandra et al. (2012) reported a similar relationship between the axial force and deposition efficiency in aluminium alloys, pointing out that a low axial force range results in effectively deposited material while the use of high forces provides low efficiency.
Regime I
Regime II
Conclusions
The results of this study have shown that rotational speed plays a major role in the process characteristics while depositing Ti-6Al-4V alloy coatings. Two different regimes with a threshold at 2000 min -1 rotational speed were established in regards to material flow behaviour, coating geometry and grain size evolution.
• In regime I, flash generation at the coating may occur at certain combinations of the rotational and deposition speeds. Both parameters are responsible for the temperature development that affects the material flow stresses during deposition, resulting either in thermal softening (flash generated at the coating) or stable flow (flash formed at the rod). • In regime II, the temperature achieves a steady-state condition. Here the flash generation at the coating is precluded and an alteration of rotational speed and deposition speeds do not significantly influence the temperature distribution. • Temperature measurements have shown the peak temperature (in the range of 1021 °C -1379 °C) exceeds β transus in all experiments. The temperature does not change while processing. The peak temperature and heating rate are affected by the rotational speed. • Ti-6Al-4V alloy has been deformed in the β-phase. Here, during processing dynamic recrystallization took place. The phase transformation during cooling of the coatings occurs martensitically due to high cooling rate (46.4 Ks -1 ). It has been shown that by using low rotational speed and thereby resultant low temperatures the high temperature β grains were refined compared to the base material. By raising the rotational speed the temperature increases and the grains become coarse. An additional rise in rotational speed without further increase of the temperature does not lead to additional grain growth. • The fact that a selection of low rotational speeds results in low deposition efficiency and high rotational speeds result in high efficiency are related to the resultant acting axial forces. Under low axial forces (~2 kN) at high rotational speeds less amount of the material was pushed into the flash in comparison to the coatings at low rotational speeds and high axial forces (~30 kN). Therefore, the highest deposition efficiency of 39 % has been achieved with high rotational speeds (3000 min -1 and 6000 min -1 ).
